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INFLUENCE OF EXTERNAL WINDS AND CLOUDINESS
ON THE TRANSITION LAYER ABOVE NOCTURNAL

VALLEY DRAINAGE

h40ntie M. Orgill* and Sumner Dnrr
LcIs Alamo~ National Laboratory

Ims Alamns, Ncw Mcxicn W5.i5

1. INTRODUCTION

itudics of Iocdly-driven drainage wind systmns in iI variety

of val[pyrs have demonstrated that, although threw circulations

are citcn dominated by the local tllcrlllo{[yl]alllirs, thry arc sr4-

dom rom plctcly docouplml frnm tbr alllbiont at mnspllorc at]ovv

[ho ridKc top. III the extrcnw, strong winds and turlluloncc in

the ridge top regime may nvorpt)wor the Inral rirrulati[~n aIIII

climinatv the thermal gradicnth that driur it. Ilowcvvr, rvI.11 1111-

dcr more idea! drairrago m-mdltions wv have nhw,rvvd ,Iifrvrvllrrs

in tho depth, mngnitwdr, and strurturc of LINT drail]ngo willil

that can oIIly hc IIIC rcsu]t of ilnpond intlucnrw of LIIO vstt,rllal

mctmrroingy.

1’M1 observations in mOUIIL;UII l,alloy.s during lligllttilli(,

drainage conditions snow lhc cxifitrqwr of il dynfinlii;dly ilctiv(l

transition layer bctwccn thr Iocally-ffrivrll drainfigo flow all{l tlIrI

upper fror ntrcam airflow ( I)nvi(lson mIIl l{;,” 1957, lnLorn I!)?(i,

Orglli mid Srhrcrk lWM), ‘1’110 Iwighl Vilrintions in lllin lr;,llsi-

tion Iayvr aro anafyzcd witl~ rrspm% !0 r?xtcrnal wind crrnriilions,

cloudinmm, and w’calhcr. Data mtti frm ihc 19S2 .IIJ 1!)8.1 I)r.

partmmrt of Encrf,y’s ALmrrsplwrir S(udivs iii (lrmplrx ‘1’orrilin

(I\ SC.O’~) field cxprrimm,t~ in IIrunh Crcok Vdlcy, (M ,rnd{) M,.
UWd ill thk hll~lJ’Sih Of LIIC triSll!Iilk)ll lhy~r,

‘1’hc MII cxperimmttnl data uf LIICI 19s” iIIIIl 10s.1 AS( ~otl”

fidd pr,)granl~ urr(. h,,t dvsigr,vd sprrifirrdly to ntudy LIIO trarr.

sition I;:yor ah(q’r Il,r north rqal drninago, III L]lin rrqiporl this

1itll~ly is of iI IItolilllillary n;lluro and lllr, rt~sull~ 4rro dirorlm. 10.

W;lr(l a<~istijlg fllluro fi,,lIl illlll r(mlpulor m{dolillg sl udicn of 111o

lr,ll,silii~ll Iayvr,

2, OIISHI{VATIONA1, Mi)l)ltl,

I:iguro I dopirls ;Lsimld,. tjllsflrt,llti,,lllll IIIWII$I uwl f,w dolin

ing Ilw lrnn~itlnn lay ns npplicd ill lhir4 tIl IIdy, ‘1’hn IMIFII hri~hl

(If t 110lrnnsi[i~~:l Iay(, r (Itr Iloplh tt( 11111drnillag{, Inyrr) ix dI~fitwd

as that Ilviglll Whorr. I 110 will(l #pIIo(l dotrwwm,4 1~1;I tnlnimuln

anti w’hvrl~ 1111,winll II II IIrll IIn rhallgo~ sil; uifi~nntly (”. 43”) frwn

lh~ (ln\VllV;Illn~ dlrvrliim .41 Iinl!w, 1110 I ransili, m lilj’l}r in IIlr]lf,

{.~~lllljli[.}ltl,~l, 11111IIIIW, I lllvti;~ ;IIIIIly ill 1111.Ill,lj(trily IIf willtl

pr{dilof vxamih,wl ill Ibis slIIIly,

“l’h,, purp~vw {If this *III Iy i,, IrI III,rIIIIII. IIt LIIII itnl)nrl IIr OR

Iorl!nl wind rt)ntlilit)llm, (f(~lltlinow, nn{l woatlwr tm 1110 drmitl;lu~,

4vil111 *1111 oxphwo tlw Ilwctlhhihlllrn of intrrucllnn, \\rII IIIWO IImId

h numlmr {If dia~nlmlir L!ll)lh III nrhlrvv llIlh p~lrptmo Illrlll,llllp,

lho ht,l~lit I)( (ho Iratlsllitln Ila::r, nlfmx.vldlry slrr:~mllnm. ntlIl

rr(mfi vnlloy wind rtllnlh)nonl#, ‘l’lIl. o~l,,rn:tl wil,{l fhdtl varl,,p III

r!wlj{jnno ltj n nnlnlwr II( ~lrlvln~ hlrr!.rn ivpirnl orInt}llnlnllllills

l,~rruln Inrludlng nyn,lptlr prvnnurv ~rndirntn l,14*[lulntiul hy the

wwrnl tlq~wtrnphw wllin~ nnd thI’1111.dly driwn to~hmnl nt nlI~
I irrnliltltllls Imnllihl! fltml 11111~lhik II( tlw ImIIIIr rl,:lllllllG!dLIIII

W,,,qlurll dIIpII tlf 111o 11111,ky hltmnlnill~ ‘1’llr Ilnllhilillll llIyIIi ih

llIlluImrIId hy :1 ViIIb IlV II( di,iliulllm IIUd Illixlnl; II II IIII*O:IW itIrl IId

IIIE Ihlf, runl ~r,tvily wrIvIIn, rIIIIIl S trIId lurhul,~u, o III I III* 111111110111

II,IW, .41111PIIIIIW 11111UI’ml Ily WlllIls firlljq,, 1111,Ii(luos,

‘[”II(- r,du {d rhmdinww and wrmtllor on lhc traslRiliotl Iaycr

IIoljrnfls Ilpon sky (Xl\, (,rilgP, cloud typcR, cloud Ilcighl, and prv-

ripitatif~ll. These fm-tors in flucnco the tra,rcsjliorr layer lhrough

outgoing (Iongwfivc) radiation r,*, wllir]l is ~ function of Sur.

file,; and air (cloud) lcmrrcra:urc, cmimivity, prccipitahlo \va I{,r

vapor. ;IIId rhIud R.

3. EXPER.lMENTAL I) ESIGN AND DA’rA

“1’hiq sIII(ly IIM’S tolhvrod hallnml, Imvor, rildiaiioll, all(l Ii.

[Iar daIa frnlll the 1!)s,1 A!+(X)I’ fivld program HIIII lolhcrwl lIal.

lI~IJII ;IIIII towor data frnm tllo 1!)S2 ASCt3’1’ hold program ctm-

II II CIIVI ill llr~lsll ( ~rooli Valley ill w,f,sl.wn (’olt]r:lllo. “1’hr llrush

( ‘rw,k \’,,lloy is ir 25 kII1-lmg.vHllvy 111:11 (Itnvh illtn lf~~au ( ‘rlv,h
\Ji,llcy, ~~ ~111 ~N~ of Gran[l Junctitlll. ( ‘olorado. ‘l-II(! WIII”Y i>

oriontcd N\\r to SE, is t350 m deep at its Imvcr cIId, h;Iti sidmvtills

with dopcn nf 30.110 dcgrocn, aIIIl IIM n valley Ilnnr w;lirh {1reps

1,1 m pet km.

Tcthcrcri balloon profiles were mmnsn rcd ill LIW V;IIIP! from
Kcvcn nltcs in 10R2 and CIOVCII ill 10f$l. I[owcvcr, nnI all ! 111.sc

riltcn wcro u~cful ror thin study bccanzm of their Irsrntirrns mIIl

the fnct tlmt a number of wind nnri trqnprrntllrr profilw did

not extend through the full vallcj depth, ‘Iluri data from I hrrc

tcthcrml balloon sltcn (A’f’1)1,, SNI,, \\)l’l, ) wcro IId ill 1!)s?

anrl’five (W PI,, I, AN I,, CSU, LI, NI,, PNl, ) In I!W, ‘1’IICSC ~ ,IW

were Irmntccl ncnr the mrntcr of ihr vall~y at dilkcnl. din! alw,w

rrlrmg iln axin, Additinnnl rhararlrri Mtirfi of II I,, tothorc(l Ilallrn)ll

siicn nr;, dlrwuanml hy (%nontn and Arrhulo[;l ( 19x7),

\\’illd vcl~jrily, lmtlpornturu, aIId not r;]tliali~m Il]la ft,ull

.,,9
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three meteorological towers were used to help define the rlrainagc

nights of Jrsly. August 19S2 and Scplemhor-octobcr I!M ant-l

to evaluate drainage under rliffcrcrr ri,lgc wind rlircctirms and

speeds, mlley stability, and weather conrlilions. Tho mraaurw

ment sites consisted of onc tower on the valley h-u awl tmvcrs

on the northeast sidewall and mrsa lop, .:5 aml 600 m almvc

the valley floor, respectively, ‘rhc instrumrnt;llion iInd data n-d.

Icction are daacrihed by Guciilisrn ( 19S.5), ilourl,v-avcra~o,l d;ttn

were ohttined crrntinuously hctwccn .luly I!)S’J AII{I ,1fil~il;,rv I !IS!},

The dTcctive uutgoing (l~)ilgwavt,) r;,,li,,li,,ll I.* Iv;,, 01)[ ;tillml

from two lYOwcn ralin stalions oporalwl in I 1,~, mllvy in 1!1S1.

These two aitca w-me located in t hr wdlvy ill}l)r(]xill];i!t,l>’ 11kli}

and 7 km from the mouth nl Lhc valley. ‘1’110upwanl 10!(II Ilmni

spherical radiation (1. up) W.-W mrwinrml WV!h ,Ililli;)t Ilri, :,.1 ra.

diomctcrs modified to inrludr a Mark II IN1,V (;t’:iiy in plarv d

the upper hcmisphrm. The mmprrtiturv of Iht. ravity was lno;l

surcd W;l II a cons!anl rurronl wmrro. S,,1 I;l,li;l[it,n (()” ) w;l~

also mcasurml with miniaiuro Iw! r;di,jllwll,rs, ‘1’110 tltm”tltr;lr(l

flux of long waw radiation (1, dIIwh) Wasi,hlillltilo(l ;I> J I,viidll,d

frmn the computed radiatirm hAI;inrr. AI higlit, I,* is lb sanw

as Q*, For additional details SW* \\”lIiIPmM rt al. ( I !)s7),

Information on clcmdinf,s~ Jud W,il[lll,r wiIs 11111;Iilli,,l rll)lll
the hourly observations takrn hy thr Nali(~llal \Yc;llll~,r !il.rvi~,,,

al Grand Junction, Colorado, I)nytinw ol]w,r~.ations of rlt~ll(li

ncm and wcalhcr were takc[i ill llrush (“rw, k dllling 1111.I!M I 1,x

porimcntal period bnt thrsoohst.rv;ilifllls wI(I{)III extf,ll(lml illl(,

Lhc nighttime hours, (loudinr~~ xnd w,mlhor mmditimw vary

hvtwccn Grand Junction nnd llru h drwk \’;Illoy 1)11! tho { ;raltll

Junrtirm data waa 1110hml r!lni;lll ,}IIN il,f(,rlllalif.u ;Iv;,ilal,l,.,

4, ANALYSIS AN1) I{ ES IJI:I’S

always aaaociatcd with good drainage crmditionn. Frontal pas-

sages arrd strong windn (Scpt 27-28, 28-2!)) rcsultcrl in high r-

ties (> 0.15) but poor drainage. The cfTcct of cloud irm.w on the

transition height could not be evaluated proporly Lrccauac of the

small data base and lack Of nighttime cloud cover obacrvatiorm i,l

I_lrush Creek Valley. I[owcvcr, there arc Rome indications from

thr availahlc data that hrrslicn to owwcarit cnvcr of middle or

hijjl rlnurl~ (kc, Ci, t7a) rlncn not havo a significarrl rfTcrt on

1ho drainage Iaycr, cspcci;dly if tho llraina~c develops prinr 1.0

:111illrrcasml clnll(l r(wi.r (Sc[lt JIO.orl I , I!MM).

‘rhr l);L’JO]If,ighl of Ihr Lrnllsilion iayrv was cslimatrd by

Ilsillg IIIr rrih;ri; l of LIIO o!jscrv:ttinnal lnndrl. Iluights wcrr dv-

If, rnlillfhl for I.acll h,)llr nll(l carh lolhrrml Imllnrm sit,, for wind

pr,llilos I II;, I uxlrlif)o(l to ridgv Iovc]s iInd higher, ‘1’hr Iransilion

lli~ic,llls ,v,.r,l delvrltlin{.rl f,,r six [llghls (%pt. 17- IR, 19.20, 25-

?Ijq 2!).3[), :I(]orl. 1, ocl 5.(j) dllrin~ 19S.1 and thrrc nights (Jwl

;Il) 31, AIIg TI,l, ,\ug 5.0) in IW2, “1’ran~ilinn hcighl vstimalm
wt.rv ]inlillvl In 3 tn O a night ill I!)X2 hccmlsc of Ihr limilcd

Iwip,hl 0( 1110 wind prnfilos. In I WI. ‘.(’tlmrrd halhmn prrrfllos
IIitl 11111CIIIIImIIIICO until ‘2X)() hl!$’1’.

‘1-111’I rahsiti,m h;ww Iwighls won, rfl”rdatml with irn aw,mgc

W’ill[l sp(.wl ;Ind dircclir)n rn!clll;llmt holwrwll W)O and 700 m frrrnl

II;ICII It,thrrr.tl hallnnn prrrfilv. l’lnl~ of trarsitinn hrighl vcnrnfi
aw. ragv wind npcrd, along. visllq wlnfl speml, crom.vallry wind

SIWWI, were maclc to silow which rorrclatiorr hcwt rtyrrrncntcd the
dala,

l)i~uro 2 ahnws a nruttr; dingr~m (J li.v nvvr;,go wind spvod

wilhln 111P(M)Oand 700 m Iayrr nnd Ihr Imso Iwight 0( 1110lratmi -

linrr Inycr for Iivo of the lcthcwd l~allt~tm fiiloa and for f~mr I!WI

oxprrlmonlrd nlglltn. ‘1’IIsI rclnlmn ship Imlwrm!l thwm l:i~hcr Im’ol

windn nrrd tlm trwrnitinn height is npproximntcty linear with a

r[wrrlalirm rfmlliritwl of .ll!) And sl:ln(lfird error or ml imilll, 0(

77 ill, (kmtdatlcrnn or lhc trnnruli(m Iwight with crtlk+ rind

:1d ring. vn.lloy wlu~l rt)lll Imnrnln, Fr, mdo numlm, rrnd !ho rrow+

vfillpy Frmlda Ilulnhrr Were m-r l;lr~or. ‘1’hr intrrwpt fcr a zwo

lid~c-lnp wind kprwd is lntoro61in E Iwrilllh I il tiu~rgrmls lhisl ill

,,,, 1... ,,,1 .,,

,“! ,.I’ m .1. $
,,. ,, . 1..1.,.,



the absence of external intlucncc the drainage wind will fill the

wdley.

An attempt to improve the correlation was made by using

a Froudc number based on tcmpcralure and wind data from thr

600 to 700 m Iayr. Thus,

(1)

where II’ is Ihc avoragr IVillll spmwl in 11106[)0.700 m I;lyrr, A’ is

the llrullt-Vaisala frcqnwlcy, Jnd II is IO() m. ‘1.hc llrunl-\Jaisala

(rcqumlcy is c;drul;llml as

(2)

whorr O is potonl ial (Olllp(?rillll lo,

T(wrr dittit ((iudiliscn, IfiN5) wwro uw.d [o oxtcnd this and.

jsis tn periods I)cyolld [ho rxporinmnlal nig]ils of l!)T.I. ‘~en]prr.

alurc. willtl, and not radiation dnta h lhr lhrce mclcornlngirol

stations Were ptotlrd with rc!ipccl trs timr am] hcighl for 17

nights lwtwccn !%ptcmhcr 16 and ortotm 3, IWI and :1 nigllls

hctwwcn July 30 and AugusL b, l!lN2, An hrmrly l~rmldo nullll)or

was c,alclllntcd Lctwrcn 15tM an(l 1000 hlS’1. using cqu;ktinns ( ! )

and (12), thr tcmporaturr data frnm 1110vrdlcy aidrw all trswm, and

ridge tnwcr and the rirlgc wind spwd. A data harm of Llw tnwrr

drrivrd Frourk number and N, and PNl, tranr. itinn height data

and tlw transit inn hnrm hrighl for the !’N [, tothrrcd hallm-sn niLc

was rnnstrurli u frrr right nights, Tho trallkilimr height mcaaurwl

~1[ I 11111)>’ 1. tiitf’ was Ilsml Iwrilustl il wws hoar lIw lrswrr fiitvs, ‘[’110

lfnvcr I;rt)lltlo nlllllh(,r and rid~o Ivilltl Vol{wily prfn, irlwl m mot II(III

f,)r osliulalin~ t rausilil,u Ilrifthls (,,r +rlwl tloll-(,xl~!’riltl(llllfll

nigllls Ihnl ~hrwd indiral ifm! of drain aglt ( lmdilion~.

‘[’ho r,wlts Ixtswl (m IIIV Ifmw Irfm(ll’ Ilumlwr ;Ind I’N 1,

1rallsilio[l height lrv ~ll(nvll ill I;igllru :1, llij~ll wind spwls al

ridgr Iovcl illl(l rwlurml slnllility ill 111Pupprr allil II IICS nf lIw v;I1.

Ioy xro ass(miiltml willl lIIW (lr;litlag~, IIIsIIII15. Slr(lng tl~nvll vnllt.y

win(ls illJl)llilrl{) ~Jlsrurl, I(w;ll (Ir;lin;lp,[l winds 1)(,{,; 111s1,of I 11,,

,lw~wiillwl prw+uro ~r,l~liollls ;ItIIl Illrlllll(.llr{,, l:lj v;IIII.}0 lvill,ls

(~pl)mw 1110 dr;!in ago wiml autl I IIIIS tlIII r,,slllls ar!, tmm, d(, fiili.

Iiw,. I:r,ml l~igurfl 3, I III, twult. su~gost Ihal 011 IIp valley ri(lgo
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wind Epecd of 8 to 9 m/a (lower Froude number = 0.3 to 0.6) ia

sufficient to totrdly disuipate drainage conditions. The present

data baac is not adequate to determine what maximum crom-

vallcy ridge wind is aufficicnt to eliminate the drainage wind,

‘rhc rorrclation between the cxtcrrwd wind above the valley

and the transition height doca not explain ail the variation in the

transition height, only shout 47,5 of the variance is accountm-1

for IJy (Ilc Cxtcrnal winds. ‘1’hus olhcr physical mechanisms rnusl

hr rnntrihuting 10 Llm height variations.

‘[ ’II(. Iransitmn Iaycr is displaycxt in Fig. 4 by mran~ ofslrc;. nl.

Iillos i:; thr vorlirisl j,lanc lhal is orimslcrl alcng Lhc valley axis.

“1’lI!I SI ream function is (Icrivcrl l’rmn dnpplcr Iidar mmsurcmcnts

of III(I al{mg.l,allry wind cmwpnnmsl with a resolution of 300 m

a]Oilg v;lllry, ;1II(I ().4 rlc~rccs or arc, i n lhc vcrlir.a,l and cross val -

Icy directions. ‘1.hc alrsr-ima in I:ig. 4 is cxprcmwl in Iorms of

~:lo(l m ) rangv gnlcs op.valley from tlw Iirlar site which is 4 km

fl mn 1110 valley mrsuth. Ilcncc Lhr cross sections crrvcr a length

[)( Ilro. shC,.cw.k from about 10 km w (j km above the nlondl. TIIO

SI rvnm flinctirsn at n given rnnge g~.to is siorivcd hy integrati~g

upw;lr(l 1110 w,lority valum from tlIP wtin in 1110 valley rvnlor

II,uillg

/

z
#i(x) = U,(off( (3)

.0

‘1’hr plcrtr4 ill Fig, 4 arc numerically inlerpolalml isolincs 0( O

for sclrrtml hours on each of four nighto tnkcn from an cnwnl-

blc of plots th~t includes hourly ohscrvations bclwccn 2300 and

1000 MST. Tho three nights with upvallcy winds FI[ ridgrtnp

show relnarliably Himilsm Htrmunline paltcrns. Anparent fillllsi.

(1[.ncc Is m-mslstcnl through most of 1110nhsrrvcd Icnglh 01 val -

Ivy’ but i~ olg~n!zcd In a mult,i-rcllulnr p~ttrrll, 11 SIIOIIII1 I)o

nrslmj that lhln ntrcam function difiplay~ a lllr{<..rlilllrllsintlal flow

:IK a two-d imcnnional rcprswcnlalirsn. An apparcn[ly suhsidillg

*I roam]inr mcrcty rcflcc Ln cnllnnrrtl vnluln{, flUX d{nv]lwillfl ;In(l

IWIOW 1I,c poi lit 0( oijscrvislit]n, This cnlculalirm dtxw 1101 ilitilio.

gui%h lrnc nuhsidwlrc (rrsm Ihltwrl VOIUMC flux ivlo tht- pl;illl. d
l)h+Pr\,;ltilJll (C.g, frOlll trihllhlr~ ~iltlyotl~),
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crcatc a circulation within the dense fluid with upwelling at Lhr
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The external winds above the d rainagc layer account for

47.570 of the variance in the transition height. Rotors and ed-

dies may account for most of the remaining variability.

The streamline patterns oi Fig. 4 have the potential of dis-

torting a material surface that may exist within the vaky. Verti-

cal velocities of 0.5 m/s or more rxist over abrsllt 0,,5 km segments

of the valley length, .Air passing tilro,]gh this systrln can rhangc

altitude by 50–200 m in the 5 to 10 minutes it w,ou]d take to

traverse a particular cell of the pattern.

The cross valky circulations are qualitatively consistent with

observations in wind tunnels and stratified towing tanks for simi-

lar geometry and flow conditions. The most comnlon circulation

is a shear-induced helix crcatcrf when the am bimrt flow separates

at the upstream ridge and flows across tile top of the cold dense

valley air. This should distribute !r;iccr matvri, a.1 of pollutants

throughout the confined !Ialloy rcgi me fairly clrcct ivcl y, 01) onc

night the cross-valley flow appears to follotv thf~ terrain quite

well at both the L.\>” I. and PNI, silts.

Tho implic; lion of (Ilf+c rosulls is illll,[,rtanl Ivilh Irspwt to

hotv tho dynamic and ,:ariahle transition l,~ycr afl’rcts tllo noc-

turnal VikllCy Inass flus or tllr (Ir;tillilg{> strength. ‘[’he roslllls

suggest a method for estimating average transition Ileigllts and

drainage strength for noll.oxj>t,ril]]cntal nighls dllril]g Ilio I,cri[,{l

July 1962 to January 1(W5.

Future modeling of drainag,~ !vin(ls shmld incorpor;i((> th,~

external wirrd effects and cloudiness,;. Flltlirc field cxpcrimcnts

on drainage conditions should be dcsignml t(, ta!w continuous oh.
scrvations of \vind and tempcratllrc profilvs, cloud and weather

rsbserv~tions, and long- \vavr r;ldiation (Illrillg all wo;~thor rolIdi -

tiotls in ord(:r t{) [Il)t;lill a 111,111-I ll,l!{l 11:1.sI,(III 11111 \,ari; Lli{; tl (’f

the lloctl Ir’llal [ratlsitif]ll I,l\{.r,
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